Cellular responses to DNA damage are mediated by a number of protein kinases, including ATM (ataxia telangiectasia mutated) and ATR (ATM and Rad3-related). The outlines of the signal transduction portion of this pathway are known, but little is known about the physiological scope of the DNA damage response (DDR). We performed a large-scale proteomic analysis of proteins phosphorylated in response to DNA damage on consensus sites recognized by ATM and ATR and identified more than 900 regulated phosphorylation sites encompassing over 700 proteins. Functional analysis of a subset of this data set indicated that this list is highly enriched for proteins involved in the DDR. This set of proteins is highly interconnected, and we identified a large number of protein modules and networks not previously linked to the DDR. This database paints a much broader landscape for the DDR than was previously appreciated and opens new avenues of investigation into the responses to DNA damage in mammals.
G enotoxic stress is a life-threatening event for organisms as it alters the content and organization of the genetic material. Organisms have developed multiple mechanisms to ameliorate the damage caused by genotoxic stress, including specialized DNA repair processes such as base excision repair, nucleotide excision repair, and nonhomologous end-joining that recognize and repair specific lesions in stereotypical ways. There is also a global signaling network called the DNA damage response (DDR) that senses different types of damage and coordinates a response that includes activation of transcription, cell cycle control, apoptosis, senescence, and DNA repair processes (1) . This coordination is critical for cell survival, in particular when DNA replication is perturbed.
At the core of the DNA damage signaling apparatus are a pair of related protein kinases, ATM (ataxia telangiectasia mutated) and ATR (ATM and Rad3-related), which are activated by DNA damage. ATM with its regulator the MRN (Mre11-Rad50-NBS1) complex senses doublestrand breaks (DSBs) (2) . ATR with its regulator ATRIP (ATR-interacting protein) senses singlestrand DNA (ssDNA) generated by processing of DSBs, as well as ssDNA present at stalled replication forks. Both kinases then phosphorylate proteins to initiate a signaling cascade that includes many common substrates including Chk1 and Chk2 (checkpoint kinases) that initiate a secondary wave of phosphorylation events to extend signaling. About 25 ATM and ATR substrates have been identified (3), many as candidates based on known roles in damage signaling.
A key to understanding any kinase network is the identification of the in vivo substrates. However, unbiased identification of kinase substrates is a difficult endeavor. Various technologies have emerged to identify phosphoproteins and kinase substrates (4, 5) , but few give in vivo confirmation or the sites of phosphorylation. Protein immunoprecipitation (IP) with antibodies to phosphotyrosine has been used to identify tyrosine kinase substrates (6) . A newer method uses peptide IP with phosphotyrosine antibodies and mass spectrometry (MS) to identify substrates of tyrosine kinases (7) . ATM and ATR share substrate specificity, recognizing Ser-Gln (SQ) and Thr-Gln (TQ) motifs (8, 9) , and antibodies to phospho-SQ or phospho-TQ sites have enabled identification of a few ATM substrates by protein IP (10, 11) . We have combined antibodies to phospho-SQ or phospho-TQ sites, together with peptide IP and SILAC (stable isotope labeling with amino acids in cell culture) (12) , to identify proteins regulated in response to DNA damage. We discovered a vast network of over 700 human and mouse proteins phosphorylated in response to DNA damage that (Fig. 1) . Both cell types grew and responded to ionizing radiation (IR) normally ( fig. S1 ). 293T cells grown in light medium were irradiated with 10 Gy of IR and collected 1 hour after irradiation. Heavy and light lysates were combined (1:1 ratio) and digested with trypsin, then 60 peptide IPs with 68 antibodies to phospho-SQ or phospho-TQ were performed. Bound peptides were applied to liquid chromatography−tandem MS (LC-MS/MS), and the abundance of each phosphopeptide was quantified by measuring the relative intensity of light and heavy peptides in the high-accuracy MS spectra. After quantification of SILAC phosphopeptide pairs, 905 phosphorylation sites on 700 proteins showed an increase in phosphorylation of more than fourfold after DNA damage by IR (table S1) . A more limited analysis on mouse NIH3T3 cells identified 95 phosphorylation sites on 86 proteins. Of these, 55 sites were found on 47 mouse proteins whose human homologs were among the 700 human substrates (table S2) .
Of the 68 antibodies used, 28 were against phosphorylation sites known to be phosphorylated after DNA damage, and 17 of these were recovered as sites regulated by DNA damage. ). During the course of this study, some of these were shown to be phosphorylated in vivo after DNA damage (11, 13, 14) . Altogether, we identified 55 regulated phosphorylation sites on the 31 candidate ATM and ATR substrates previously implicated in DNA damage signaling or repair (table S3) .
Validation. We confirmed the phosphorylation status for a subset of the candidate substrate proteins by IP and Western blotting. MDC1 (mediator of DNA damage checkpoint 1), 53BP1 (p53-binding protein 1), Orc3 (origin recognition complex subunit 3), and an uncharacterized Zn-finger protein, ZCCHC8, identified with antibodies to phospho-BRCA1 S 1423 were immunoprecipitated with antibodies to each protein before and after 10 Gy of IR and subjected to Western blotting with antibodies to phospho-BRCA1 S
1423
. All three were phosphorylated after IR. Although no antibodies to Orc3 for IP were available, we were able to immunoprecipitate Orc3 with antibodies to Orc2 because the two proteins associate (15) . Thus, Orc3 phosphorylation after IR was confirmed ( Fig. 2A) .
Sequences around sites identified with antibodies to phospho-BRCA1 S 1423 are very similar to sequences around BRCA1 S 1423 ( Fig. 2A) . We examined the distribution of amino acid residues surrounding the phosphorylation site among the phosphopeptides identified by individual peptide IPs ( fig. S2 ). Most antibodies used recognize one or two amino acids at −1 or +2 position, in addition to the phospho-SQ or phospho-TQ. Normally, linear epitopes are thought to comprise five to seven amino acids. The presence of the phosphate on the epitope may reduce the number of additional contacts needed to form an immunogenic epitope. We also determined the distribution of amino acid residues surrounding the DNA damage−regulated phospho-SQ or -TQ sites on the 700 candidate ATM and ATR substrates. Enrichment of E (Glu) and S around the SQ or TQ sites was observed (Fig. 2B) . This is consistent with the notion that E or D (Asp) is often found around SQ or TQ sequence phosphorylated by ATM or ATR in vitro (8) .
Of the 11 proteins whose phosphorylation after IR was confirmed ( Fig. 2A and fig. S3 ), we , and ZCCHC8 were immunoprecipitated with antibodies against each protein from 293T cells before (-IR) and after (+IR) 10 Gy of IR, and precipitated proteins were subjected to Western blotting with antibodies to phospho-BRCA1 S 1423 . The same blots were reprobed with antibodies to MDC1, 53BP1, or ZCCHC8. Orc3 was coimmunoprecipitated with antibodies to Orc2, and precipitated proteins were subjected to Western blotting with antibodies to phospho-BRCA1 S 1423 . The same blot was reprobed with antibodies to Orc3 and Orc2. Sequences around the identified site on each protein were aligned with those around BRCA1 S 1423 . (B) Distribution of amino acid residues (30) surrounding the phospho-SQ or -TQ sites on the candidate ATM and ATR substrates that were regulated by DNA damage. Sequence analysis was done with MOTIF-X software (31) . (C) HA-tagged wild-type VCP, Orc3, or Psf2 (WT) or AQ mutant of each protein [VCP S748A, Orc3 S516A, and Psf2 T180A/S182A (2AQ)] was expressed in U2OS cells, and V5-tagged ZCCHC8 wild-type (WT) or AQ mutant (S456A) was expressed in 293T cells. Wild-type and AQ mutant proteins were immunoprecipitated with antibodies to HA or V5 from cells before (-IR) and after 10 Gy of IR (+IR) and probed with the indicated antibodies to phosphorylated sites. The same blots were reprobed with antibodies to each protein or anti-V5. Endogenous VCP (VCP) was coimmunoprecipitated with HA-tagged VCP (HA-VCP) by IP with antibodies to HA because VCP forms a homo hexamer (32) . HA-tagged wild-type cyclin E (WT) or AQ mutant (S59A) was expressed in U2OS cells, and proteins immunoprecipitated with antibodies to phospho-BRCA1 S 1423 from cells before (-IR) and after 10 Gy of IR (+IR) and whole-cell extracts (WCE) were subjected to Western blotting with antibodies to HA. further validated 5 by mutating the identified sites. Substitution of AQ for the identified SQ or TQ site was introduced by site-direct mutagenesis into VCP (valosine-containing protein), Orc3, Psf2 (partner of SLD5), ZCCHC8, and cyclin E. In all five cases, phosphorylation was observed on wild-type proteins but not on AQ mutants (Fig. 2C) , indicating that the antibodies were recognizing the identified SQ or TQ site on each protein and supporting the quality of the peptide sequence identifications.
Functional analysis. Kinases may recognize many proteins, only a subset of which are significant to the kinase regulatory network. To examine this, we randomly chose a group of 37 substrates not previously implicated in the DDR to investigate genetically for roles in the DDR. We assayed cells depleted for these proteins with small interfering RNA (siRNA) for six basic phenotypes: the ability to prevent the spontaneous generation of DSBs, the ability to phosphorylate histone H2AX (H2A histone family member X) after IR, the ability to repair DSBs, activation of the G 2 -M checkpoint, activation of the intra−S phase checkpoint, and the functionality of homologous recombination (HR).
In osteosarcoma U2OS cells, the gH2AX signal is low in the absence of IR, but rises rapidly and reaches maximal levels within 0.5 to 1 hour after 10 Gy IR. Thereafter, it decays rapidly as damage is being repaired and falls below 30% of peak levels by 6 hours after IR. We examined the effects of siRNA-mediated knockdown of candidate genes on formation of IRinduced gH2AX at these times in U2OS cells by Western blotting (Fig. 3A) to expose the potential roles of a gene in the maintenance of DNA integrity in the absence of damage or in the generation of gH2AX signal in response to damage or in DNA repair. siRNAs against many of the candidate genes altered the gH2AX signal compared with control siRNA (Fig. 3B and  fig. S4 ). Inhibition of multiple genes from the list also showed functional defects in other assays (tables S4 to S6).
In summary, siRNAs against 35 of the 37 genes (94.6%) scored in at least one of the four assays, and more than half of the genes (22 genes) scored in two or more assays. siRNAs against CSTF2 (cleavage stimulation factor 2), DCK (deoxycytidine kinase), KIAA1160, NASP (nuclear autoantigenic sperm protein), RBM10 (RNA binding motif protein 10), SMARCAD1 (SWI/SNF-related, matrix-associated actindependent regulator of chromatin, subfamily a, containing DEAD/H-box 1), SRCAP (Snf2-related CBP activator protein), TPR (translocated promoter region), and USP34 (ubiquitin-specific peptidase 34) scored in three categories. LATS1 (large tumor suppressor homolog 1) scored in all four (Fig. 3C) , as well as KIAA1794 (not shown), which we have found to encode FANCI, a novel component of the Fanconi anemia (FA) pathway (16) . During the course of this study, involvement of RENT (regulator of nonsense transcripts) and FOXO1 (forkhead box 1) in the DDR pathway was shown (17, 18) , consistent with our observations. Thus, we concluded that our gene list is highly enriched with genes that regulate the DNA damage response or DNA repair.
Bioinformatic analysis of phosphorylation targets. The identified proteins were annotated in the gene ontology format. Of the 700 identified proteins, 421 were annotated with a biological process by the PANTHER program (Fig. 4A ). Among these, 202 (48%) were assigned in the nucleic acid metabolism category that includes DNA replication, DNA repair, and other categories that involve nucleic acids. Further subdivision of these 202 revealed that 46 function in DNA replication, repair, or recombination and 101 function in mRNA transcription (Fig. 4B) .
Another measure of the significance of certain functional categories among these phosphorylation targets is their enrichment relative to the total numbers in their respective categories. The DNA replication, recombination, and repair category showed a highly significant enrichment. Enrichments were also observed for proteins in the cell cycle, gene expression, and cell signaling categories (Fig. 4C) . A surprising category with enrichment was the RNA posttranscriptional modification group that includes splicing factors and other RNA binding proteins potentially im- 
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Discussion
In this study, we have identified more than 900 phosphorylation sites containing a consensus ATM and ATR phosphorylation motif in 700 proteins that are inducibly phosphorylated in response to IR. The extent of phosphorylation we observed was unanticipated. For example, among the mediator class of proteins, including BRCA1, 53BP1, and TopBP1, a total of 33 regulated sites were identified, 15 in 53BP1 alone. Of these 33, only 6 had been previously identified, and these are considered highly studied substrates. The quality of the identifications is supported by the fact that many sites were found multiple times and in different forms, such as a partial tryptic peptide or a peptide containing an oxidized methionine or in IPs with different antibodies, from cells with different types of DNA damage (table S7), or from different organisms (table S2) . Furthermore, we chose a stringent cutoff for identification to reduce the frequency of false calls. Independent analysis of phosphorylation of randomly chosen genes from the list demonstrated that a high percentage could be verified.
Protein kinases are switches that coordinate entire programs dedicated to accomplishing the goals of a given signal transduction pathway. In this study, we discovered that damage-activated kinases do not simply contact key individual proteins in a process, but instead phosphorylate multiple components of particular pathways. Many of the proteins identified cluster into modules of previously known interacting proteins.
Interacting modules involved in DNA replication. Multiple modules involved in DNA replication were identified, such as an Orc module with Orc3 and Orc6 (Fig. 5A) ; an MCM (minichromosome maintenance protein) module including MCM2, MCM3, MCM6, MCM7, and MCM10; and DBF4, an activating subunit of the Cdc7 kinase needed for initiation of DNA replication (Fig. 5B) . In addition, several components of the replication machinery emerged, including an RFC clamp-loader module (Fig. 5C ) with RFC1 and RFC3 (replication factors C1 and C3) and a DNA polymerase module that includes the catalytic subunit of DNA polymerase epsilon (POLE), its interacting protein POLE4, and two translesion polymerases PolL and PolQ (Fig. 5D) . Furthermore, both components of the Timeless-Tipin complex involved in fork stability were identified along with Claspin, with which they interact (19) (fig. S5F ). These modules themselves interact in a larger network dedicated to DNA replication ( fig. S6 ). Of these, only MCM2 and MCM3 were previously known ATM substrates (10, 20) . These findings indicate that the connections from the DDR to DNA replication are more complex than previously anticipated. As DNA damage signaling is known to control initiation of origins, as well as fork stability, the intra−S phase checkpoint, and restarting of forks after damage, it is likely that these new components take part in executing those processes.
Interacting modules involved in DNA repair. Multiple modules identified in this analysis function in control of DNA repair. A mismatch repair module contained mutS homolog genes MSH2, MSH3, and MSH6, as well as exonuclese 1 (EXO1) (Fig. 5E ). This pathway is generally thought to act to repair mismatches during DNA replication.
An excision repair module included XPA and XPC (xeroderma pigmentosum complementation groups A and C); RPA1 (replication protein A1); ERCC6 (excision repair cross-complementing 6, also known as CSB, Cockayne syndrome group B); and components of transcription factor TFIIH (Fig. 5F ). Other than RPA1, which participates in many repair pathways, this pathway had not been previously linked to DNA damage signaling.
We also found a module containing the Fanconi anemia (FA) pathway, which includes FANCD2, FANCA, and the newly discovered FANCI gene, which was identified through this screen (Fig. 5G ). This module also contains BRCA2 and PALB2 (partner and localizer of BRCA2, FLJ21816), a BRCA2-binding protein involved in the FA pathway (21) . A total of 12 regulated SQ or TQ phosphorylation sites were present in this module. Related to the FA pathway is an extensive HR module including RAD50, RAD52, RAD51AP, RAD54, XRCC2, XRCC3, BRCA2, and PALB2, as well as RUVBL2 and TOP3 (not shown), representing essentially every step in the recombination process (Fig. 5H) . Of the proteins in these two modules, only FANCD2 was previously known to be phosphorylated in response to DNA damage. These extensive contacts indicate that the processes of cross-link repair and HR are likely to be heavily regulated by the ATM and ATR pathway (Fig. 5, G and H ). An additional module implicated in DNA damage responses was the COP9 signalosome CSN, in which three subunits underwent phosphorylation: CSN1 (GPS1), COP3, and COP7A (Fig. 5I) . This complex is involved in the SCF (Skp1−Cullin−F-box protein) pathway, where it participates in a neddylation-deneddylation cycle important in SCF E3 ligase function and alters its association with CSA (Cockayne syndrome type A) and DDB2 (damage-specific DNA binding protein 2), two DCAF (DDB1-and Cul4-associated factors) proteins in Cul4 ligases (22) . In response to DNA damage, the CSN complex rearranges from DDB2-Cul4 complexes to CSACul4 complexes.
New cell cycle modules. One cell cycle module found comprises cyclin E and two negative regulators of cyclin E: the F-box protein FBW7, which targets cyclin E for ubiquitination and destruction, and the cyclin-dependent kinase (Cdk) inhibitor p27 Kip1 , which binds to cyclin E−Cdk2 complexes and inhibits their activity (Fig. 5J) . In addition, the CIZ1 (Cip1 interacting Zn-finger protein), which negatively regulates the Cdk inhibitor p21
Cip1 and promotes DNA synthesis, is phosphorylated. This suggests that, in addition to causing cell cycle arrest through the Chk2-p53-p21
Cip1 pathway (23), DNA damage might also directly regulate the activity of cyclin E through additional inhibitors and proteolysis to promote cell cycle arrest.
We identified four components of the spindle checkpoint, Bub1, Mad1, Sgo1, and Mad2BP (Mad2 binding protein; also known as p31 COMET ) (Fig. 5K) . Bub1, Mad1, and Sgo1 promote mitotic arrest by maintaining Mad2-Cdc20 complex formation in response to unoccupied kinetochores, whereas Mad2BP opposes Mad2 function. In budding yeast, the spindle checkpoint and DNA damage checkpoint regulate a common protein, Pds1, and both checkpoints help to restrain cell cycle arrest in response to DNA damage, but no direct connections had been previously identified in mammals. The spindle checkpoint controls anaphase-promoting (table S7) .
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on May 27, 2007 www.sciencemag.org complex (APC) activation, which ultimately controls Separase activation, a protease that catalyzes dissolution of sister chromatid cohesion and anaphase entry. Both Cdc26, an APC subunit, and Separase were phosphorylated in response to IR (Fig. 5K) . Components of the cohesion regulatory machinery were detected in our screen, including the cohesins SMC1 and SMC3 and the ESCO1 (establishment of cohesion 1 homolog 1) complex required for loading cohesins during S phase. Furthermore, APRIN, the human homolog of the Saccharomyces cerevisiae cohesion protein Pds5, was phosphorylated. An additional module that interacts with cohesin involves the Condensin II chromosome-condensation complex, including the substrates NCAPD2 and NCAPH2 (non-SMC condensing I complex subunits D2 and H2), which are both required for proper cohesion between sisters. Of these, only SMC1 was a known ATM substrate (24, 25) . These findings suggest that the DDR pathway displays manifold interfaces with other pathways previously implicated in cell cycle control.
Signaling pathways that interface with the DNA damage pathway. Various signaling pathways were also implicated in the DDR through this study. Enrichment was found for proteins in the insulin−IGF-1 (insulin-like growth factor)−PI3K (phosphatidylinositol 3-kinase)−AKT pathway, including the adaptor molecule IRS2 (insulin receptor substrate 2), the kinase AKT3, two regulators of AKT, HSP90 (heat shock protein 90), and PP2A (protein phosphatase 2A), and several downstream effectors of AKT. Examples of these downstream effectors are a transcription factor, FOXO1, and components in the proteins translation control pathway, TSC1 (tuberous sclerosis 1), 4E-BP1 (eIF4E binding protein 1), and p70S6K (ribosomal protein S6 kinase) (Fig. 6) . Indeed, S 111 of 4E-BP1, which we identified as a DNA damage−regulated site, is phosphorylated by ATM in response to insulin (26) . The enriched set of contacts between the DDR and the insulin signaling pathway suggests that the DDR might induce a survival signal through the activation of AKT. Our study indicates that the DDR is likely to intersect the insulin−IGF-1−PI3K−AKT pathway at many points. In support of this idea, mice lacking the nucleotide excision repair protein ERCC1 show both accelerated aging (due to constitutive DNA damage) and severe growth retardation (due to suppression of the growth hormone−IGF-1 axes) (27) . Although DNA damage could affect insulin and IGF-1 signaling in vivo through indirect effects such as the depletion of stem cells in the liver and the pancreas, it is also possible that persistent repetitive DNA damage alters cellular insulin−IGF-1 signaling and contributes to diabetes and other age-associated metabolic disorders.
Many other pathways not mentioned here appear to have multiple connections to the DNA damage pathway. At this point it is not clear whether these are all substrates of ATM and ATR or possibly other kinases activated by IR. In addition to DSBs, IR causes oxidative stress and ssDNA breaks. How these events are sensed and whether kinases participate in signaling detection of these events is not known. Any kinase activated by IR could recognize a site that happens to have a Q adjacent to S or T, potentially marking it for identification by our method. In fact, only 70% of our substrates appear to be regulated by ATM (table S8, A and B). Others could be ATR and DNA-PK substrates. Alternatively, it is possible that other phosphatidylinositol 3-kinase−related kinase (PIKK) members respond to secondary stresses generated by this treatment. In this vein, we identified a module around the nonsense-mediated decay pathway containing the PIKK SMG1 and RENT as regulated substrates ( fig. S5C ). SMG1 can phosphorylate RENT on SQ sites (28) . This pathway has been previously implicated in the response to IR. It is not clear if it is downstream of ATM, or if SMG1 senses damage to DNA or possibly to RNA.
We also found a large number of proteins involved in chromatin modification and transcription, including subunits of multiple RNA polymerases and many proteins involved in splicing and RNA metabolism ( fig. S5 , A to C and E). This points to a broad cellular transcriptional, posttranscriptional, and chromatin response that had only been hinted at in previous studies.
It is likely that we have identified the majority of abundant proteins inducibly phosphorylated on SQ or TQ sites after DNA damage. The DNA damage phosphorylation database is a rich resource of information that can be used in multiple ways. In one instance, we identified a novel FA gene by phenotypic analysis (16) . In another case, we used the BRCT repeats of BRCA1 to pull down tryptic peptides and proteins. By looking for proteins in common between those purifications and this database, we identified two novel BRCA1-binding proteins (29) . Combining these data and other data sets should allow important damage-response proteins to be identified and new pathways to be explored.
The results of this study illustrate the extraordinarily broad landscape of the DDR, which extends far beyond what was anticipated from previous studies. The large number of functional modules discovered here and the multiple connections to each suggest that the DDR profoundly alters cellular physiology. The elucidation of these newfound connections and the roles played by the many proteins newly implicated in the damage response should provide a solid foundation for a systems biology understanding of the cellular response to DNA damage and replication stress in the future. 
